The vacuole is the largest and most conspicuous compartment within plant cells and has numerous functions, which include the accumulation and storage of metabolites, the regulation of cytosolic homeostasis, the compartmentalization of toxic substances, and the hydrolysis and recycling of cellular components. 3,4) Both pumps create an electrochemical gradient of protons across the vacuolar membrane, which is used as a source of energy for the secondary transport of various ions and metabolites across the membrane.
The vacuole is the largest and most conspicuous compartment within plant cells and has numerous functions, which include the accumulation and storage of metabolites, the regulation of cytosolic homeostasis, the compartmentalization of toxic substances, and the hydrolysis and recycling of cellular components. 1, 2) Specific proteins present in the vacuolar membrane drive these activities. The vacuolar membrane of a plant cell contains two different H ϩ -pumps, vacuolar H ϩ -translocating ATPase (V-ATPase) and H ϩ -translocating inorganic pyrophosphatase (H ϩ -PPase). 3, 4) Both pumps create an electrochemical gradient of protons across the vacuolar membrane, which is used as a source of energy for the secondary transport of various ions and metabolites across the membrane. 2, 5) A tonoplast intrinsic protein (TIP) has been shown to function as a water channel. In addition, a TIP of 23 kDa (VM23) has been isolated from radish and characterized. 6 ) Furthermore, it has been shown that the level of H ϩ -PPase and V-ATPase in plants is altered in response to stresses from salt and low temperatures. [7] [8] [9] [10] [11] [12] Phytohormones might be involved in the modulation of H ϩ -pump activity. Treatment of Hordeum vulgare plants with abscisic acid (ABA) significantly increased H ϩ -PPase and VATPase activities of tonoplast vesicles isolated from root tissue, 13) and ABA treatment of adult Mesembryanthemum crystallinum plants induced V-ATPase activity. 14) Methyl-jasmonate (JA) treatment of H. vulgare leaves inducing senescence led to changes in the subunit pattern of V-ATPase, as well as in the pH dependency of ATP hydrolysis activity. 15) The previous reports showed that phytohormones including ABA and JA are involved in the modulation of H ϩ -PPase and V-ATPase activities.
The exogenous application of gibberellic acid (GA 3 ) and brassinolide (BL) to plant tissues at nanomolar to micromolar concentrations promotes cell elongation, proliferation, and differentiation and also affects a number of other physiological processes. 16, 17) In the plant cells, cell growth cannot occur without the enlargement of the vacuole that occupies a large space in the cell. The vacuolar H ϩ -pumps are essential for both the maintenance of acidic conditions of vacuoles and the active secondary transport systems. However, it remains unknown whether GA 3 and BL are involved in the activities of vacuolar H ϩ -pumps and tonoplast aquaporin. In the present study, we investigated the effects of GA 3 and BL on the activities of the vacuolar H ϩ -pumps using tonoplast vesicles from rice seedling leaf sheaths after treatment and also conducted immunoblot analysis to determine whether there are differences in the protein level of the vacuolar H ϩ -pumps of rice seedling leaf sheaths after treatment.
MATERIALS AND METHODS
Plant Materials Two-week-old rice (Oryza sativa L. cv. Nipponbare) seedlings were grown under fluorescent white light (6000 lux, 12-h light period/d) at 25°C and 70% relative humidity in a growth chamber. For treatment with phytohormones, the leaf sheath segments were incubated either in GA 3 or BL in glass Petri dishes for various time periods as indicated. Leaf sheath segments incubated in Milli-Q water were used as the control.
Isolation of Tonoplast Vesicles All procedures described below were carried out at 4°C. Leaf sheaths (4 g fresh weight) were chopped and ground with a chilled mortar and pestle in an 8-ml homogenization medium that contained sorbitol 0.25 M, Tris/acetate 50 mM (pH 7.5), EGTA 1 mM, 1% (w/v) polyvinylpyrrolidone (PVP), phenylmethylsulfonyl fluoride (PMSF) 10 mM, and dithiothreitol (DTT) 2 mM. The homogenate was centrifuged at 3600ϫg for 10 min. The supernatant was centrifuged at 120000ϫg for 25 min. The precipitate was suspended in sucrose 0. The effects of exogenously applied gibberellic acid (GA 3 and centrifuged at 130000ϫg for 25 min. The resulting pellets were suspended in the same buffer as above and used as tonoplast vesicles.
Enzyme Assay ATPase and PPase activities were determined by quantitating the inorganic phosphate (Pi) that was released from ATP and pyrophosphate, respectively. The reaction mixture for assays of ATPase contained HEPES-BTP 20 mM (pH 7.5), MgSO 4 3 mM, ATP-BTP 3 mM, EGTA-BTP 0.3 mM, KCl 50 mM, and 0.02% Triton X-100 in a final volume of 0.5 ml. The reaction mixture for assays of PPase contained HEPES-BTP 20 mM (pH 7.5), MgSO 4 3 mM, PPi-BTP 0.5 mM, EGTA-BTP 0.3 mM, KCl 50 mM, and 0.02% Triton X-100 in a final volume of 0.5 ml. In both cases, reactions were started by the addition of membrane vesicles (4 mg) and terminated by the addition of 20 ml of 1 M citric acid after incubation at 37°C for 30 min. Pi released from the substrate was determined by the method of Heinonen and Lahti. 18) Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Immunoblotting SDS-PAGE was performed using the method of Laemmli.
19) Vacuolar membrane protein was treated with an SDS sample buffer and then subjected to SDS-PAGE, and the silver staining was used to visualize the protein bands. For immunoblotting, proteins were separated by SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) membrane (Fluorotrans, Pall BioSupport Division, Port Washington, NY, U.S.A.) with a semidry blotting apparatus. Antibodies against the mung bean H ϩ -PPase, 20) the B subunit of V-ATPase, 21) and radish TIP (VM23) 6) were used. Binding of antibodies was detected using commercial detection reagents (ECL Plus TM Western blotting detection kit, Amersham Pharmacia Biotech, U.K.).
Quantification of Protein The protein concentration was determined by the method of Bradford 22) with bovine serum albumin (BSA) as the standard.
RESULTS
Characterization of the Tonoplast Vesicles Azide (NaN 3 ), vanadate (Na 3 VO 4 ), and nitrate (KNO 3 ) are specific inhibitors of F-, P-and V-type H ϩ -ATPase, specifically associated with the mitochondria, plasma membrane, and tonoplast vesicles, respectively.
23) The purity of the isolated tonoplast vesicles from rice seedling leaf sheaths can be confirmed by comparing the sensitivity of the inhibitors against these ATPases. The results showed that azide and vanadate had no effect on the ATPase activities of isolated tonoplast vesicles, but nitrate inhibited the activity by 64% (Table 1) . Thus the tonoplast vesicles isolated by the above method were scarcely contaminated by the mitochondria and the plasma membrane. It was concluded that our preparation of tonoplast vesicles was suitable for our proposed investigations.
Effect of GA 3 and BL on Rice Leaf Sheath Elongation Leaf sheath segments were treated with GA 3 and BL under continuous light at 25°C for different times. The elongation caused by different concentrations of GA 3 and BL is shown in Fig. 1 . GA 3 1 mM promoted elongation of the second leaf sheath, and the effect was saturated at 10 mM (Fig. 1A) . The elongation started at 12 h and ceased 72 h after application of GA 3 . The final length of the second leaf sheath after GA 3 treatment was 1.6-fold longer than that without phytohormone treatment (Fig. 1B) . BL treatment had only a minor inhibitory effect. The leaf sheath fresh weight was increased by 16% and 29%, respectively, when the leaf sheath segments growth of rice leaf sheaths is shown in Fig. 1 . BL is also known to affect the rate of stem elongation, which is distinct from GA-mediated elongation. The growth of plant cells is impossible without vacuole expansion, since the central vacuole occupies more than 80% of the volume of the mature cell. To maintain the high osmotic pressure of the expanding vacuole, the vacuole must actively incorporate solutes such as sugars and inorganic ions. Vacuolar H ϩ -PPase and V-ATPase provide the power for the secondary active transporters. Therefore the vacuolar proton pumps are essential for vacuole enlargement. 24) We investigated whether GA 3 might be involved in the regulation of the plant vacuolar H ϩ -pumps associated with leaf sheath elongation. In the case of BL treatment, the increase in fresh weight of the leaf sheath might partially be the result of the enhanced activities of vacuolar H The mechanism for the modulation of activities of the VATPase and H ϩ -PPase in the tonoplast of leaf sheaths treated with GA 3 and BL is not yet clear. There are reports that VATPase is regulated by phospholipids and glycolipids. 28) In the case of the plasma membrane H ϩ -ATPase, it has been proposed that there are several possible means by which the enzyme could be regulated. An autoinhibitory sequence at the C-terminus of the plasma membrane H ϩ -ATPase may be part of a regulatory domain that serves as the ultimate target for plant growth factors. The inhibitory interaction between this domain and the ATP-and/or the H ϩ -binding site could be modulated by variety of means, such as binding of effector molecules, phosphorylation, partial proteolysis, or truncation at the gene level. [29] [30] [31] The vacuolar H ϩ -PPase in Chenopodium rubrum has been reported to be regulated by a lysolipid, 32) and the vacuolar V-ATPase in bovine kidney has been reported to be regulated by regulatory proteins existing in the cytosol. 33) To understand the roles of tonoplast H ϩ -pumps, the intracellular levels of PPi and ATP must be determined. The levels of PPi in plant cells are assumed to be changeable as a result of the activities of the vacuolar H ϩ -PPase and a PPi-producing enzyme, because PPi exists predominantly in the cytosol and a large amount of PPi is produced as a result of synthesis of RNAs, proteins, and cellulose in growing cells. 34) In animal and bacterial cells, PPi is removed by soluble inorganic PPases. In plant cells, the vacuolar H ϩ -PPase scavenges PPi in the cytosol and utilizes it as a source of energy for the active transport of protons into the vacuole. 27, 35) The vacuolar H ϩ -PPase in growing cells helps to conserve ATP, which is a cell's energy currency.
Characterization of the detailed mechanisms responsible for the differences in the potential activity of the leaf sheath vacuolar H ϩ -PPase, the analysis of enzyme properties is required. It will also be necessary to investigate the involvement of intracellular cytokinin or Ca 2ϩ in the differences in the potential activity of the leaf sheath vacuolar H ϩ -PPase because cytokinin and Ca 2ϩ have been reported to be factors in the modulation of the activity of vacuolar H ϩ -PPase, in barley roots. 7, 36) Thus, using vacuolar membranes from rice seedling leaf sheaths that had been treated with or without phytohormones, we analyzed the substrate-hydrolysis activities of the H ϩ -pumps in the vacuolar membrane. In this study, the treatment with BL 1 mM also promoted the activity of H ϩ -PPase by about 1.5-fold (Fig. 4) . These results provide further evidence that BL might be involved in the regulation of the quantity and activity of the plant vacuolar H ϩ -pump.
